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Hydrogen production for a net zero refinery

Cost-optimization of the interplay between a blue and green hydrogen production system
ERIK AHLSTROM & OSCAR HULT

Department of Space, Earth and Environment

Chalmers University of Technology

Abstract

In this thesis, a techno-economic cost-optimization model is applied to evaluate the interaction of
a blue hydrogen system, which incorporates a steam methane reformer (SMR), carbon capture and
storage (CCS), and a green hydrogen system. The green hydrogen system comprises an electrolyzer,
hydrogen storage, battery storage, and an offshore wind farm with a power purchase agreement
(PPA). The assessment focuses on achieving a net zero refinery in the year 2035. The model
minimizes the total cost of investments and operation of CCS, and all technologies comprising the
green system while meeting a continuous hydrogen demand. Sensitivity analysis is carried out to
answer the two following questions; (i) What flexibility measures can reduce hydrogen production
costs; and (ii) how do sensitive parameters affect the system composition and sizing of components?
The results reveal that flexibility measures can be found in the electrolyzer, energy storage, and
partly the SMR to manage wind variability. Furthermore, the model and its system composition
are sensitive to the operational cost of the SMR. The resulting green hydrogen system consists of
a 263 MW g electrolyzer, 469 MW offshore wind farm, 14 GWh hydrogen storage, and 2.3 MWh
battery energy storage. It does together with a 297 MW SMR, employed with a 90 % capture rate
CCS, meet a continuous hydrogen demand of 377 MW.

Higlights

e A resilient continuous hydrogen production system can be constituted of a blue and green
hydrogen system.

The green hydrogen is resilient to PPA prices but sensitive to OPEX of SMR.

o Employment of hydrogen storage is crucial for mitigating total system cost.

o Variability of different years has a small impact on the model’s system composition.

Keywords: green hydrogen, flexibility, variability, power-purchase-agreement, net zero refinery.
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Introduction

In the European Green Deal, the European Union (EU) presents the transition plan for reaching
zero greenhouse gas emissions by 2050 [1]. Green hydrogen production is one of the cornerstones
in the transition plan to achieve the climate targets. There are two aspects to hydrogen that the
Green Deal covers. The first aspect is that hydrogen is expected to play a key role in future energy
systems as an energy carrier both for industry and transport. Electricity can replace fossil fuels for
several uses, but some uses are more difficult to electrify than others. Within the transportation
sector, road freight, shipping, and aviation are more difficult to electrify than passenger vehicles.
Hydrogen can act as a substitute for these uses, either directly or by using hydrogen as feedstock
when producing electrofuels. In industrial activities, such as steel or cement production, hydrogen
can substitute fossil fuels as an energy carrier or a reactant in chemical processes. The European
Parliamentary Research Service (EPRS) has also presented studies showing that an integrated
energy system, where electricity is used to produce hydrogen and existing gas infrastructure is
utilized, would be more cost-efficient rather than aiming for total electrification, resulting in costly
grid extensions and energy storage solutions.

The second aspect of the Green Deal regarding hydrogen is the production of hydrogen. With
2018’s levels, hydrogen production alone was responsible for carbon dioxide emissions of approxi-
mately 830 million tonnes globally. Hydrogen can be produced using different types of technologies
and feedstocks, and depending on the production process and the resulting greenhouse gas emis-
sions, hydrogen is classified using colors [2]. Steam methane reforming of natural gas is the primary
method of hydrogen production, contributing to three-quarters of the global annual supply. The
steam methane reforming process of natural gas has an average cost of 45 EUR/MWh and is asso-
ciated with carbon emissions. The steam methane reforming process is classified as grey hydrogen.
However, the steam methane reforming process can be combined with carbon capture and storage
(CCS) to account for the carbon emissions related to hydrogen production. This way of producing
hydrogen is classified as blue hydrogen and has an average cost of 60 EUR/MWh. An alternative
to steam methane reforming is what is known as green hydrogen, where hydrogen is produced by
electrolysis of water with renewable electricity, resulting in no greenhouse gas emissions. Depend-
ing on different assumptions and electricity prices, the average cost of green hydrogen is in the
range of 75-167 EUR/MWh !, assuming constant operation of the electrolyzer [2]. The Green Deal
promotes blue and green hydrogen production to reduce the associated greenhouse gas emissions as
the global hydrogen demand is expected to increase. International Energy Agency (IEA) [3] states
that the global hydrogen demand has threefold since 1975 when the global demand for hydrogen
was 18.2 million metric tonnes to 2018 levels of 73.9 million metric tonnes. In Figure 1.1, the
global demand for hydrogen over the period 1975-2018 is presented [3]. After the pandemic in
2021, global hydrogen demand reached a new all-time high, measuring 94 million metric tonnes.
This did correspond to 2.5 % of the global energy consumption [4].

I Conversion ratio: 0.033 MWh/kg Ha
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Figure 1.1: Change in global hydrogen demand in million metric tonnes for the years 1975-2018.
Data retrieved from IEA [2].

The largest fuel manufacturer in Sweden, Preem, has two refineries that are located on the west
coast of Sweden, in Lysekil and Gothenburg [5]. The refineries are among the most environmentally
efficient refineries in the world [6]. Preem aims to become climate neutral by the year 2035,
which implies climate-neutral operations with net-zero emissions throughout the value chain of
fuel production. Preem has implemented a number of strategies linked to the ambitious climate
targets. The first strategy is to adapt their refineries so that fossil crude oil can be replaced by
biogenic feedstock, such as waste materials from forestry, agriculture, and the food industry. The
second strategy is to integrate carbon capture and storage (CCS) facilities at their refineries to
mitigate CO2 emissions. When CCS is combined with biogenic feedstock negative emissions can
be obtained by the concept Bio Energy Carbon Capture and Storage (BECCS). In addition to
CCS, Preem also investigates the possibility to utilize captured carbon dioxide in their processes.
This concept is known as Carbon Capture and Utilization (CCU). The third strategy regards
replacing natural gas with biogas, and fossil-free hydrogen production. Natural gas is mainly used
for hydrogen production at refineries and is also one of the main contributors to carbon emissions
at the refineries. The fourth strategy is to adapt and include product offerings in line with the
demand of a sustainable society. Electrification of road transports and energy efficiency measures
reduce the need for liquid fuels. The new product offerings include hydrogenated vegetable oil
(HVO), renewable aviation fuel, and electrofuels.

1.1 Thesis Aim

The thesis aims to investigate the interplay between a green hydrogen system and an existing
steam methane reformer (SMR) with employed CCS, to find a cost-optimal strategy to meet the
continuous hydrogen demand at the net zero refinery. The green hydrogen system includes an
offshore wind farm, electrolyzer, batteries, and storage. The investigated refinery is Preemraff in
Lysekil. The temporal scope of this study is the year 2035, when Preem aims to become climate
neutral throughout the value chain of fuel production. To achieve the aim of this thesis, a series
of specific objectives are defined:
e Develop a cost-optimization model to analyze the interplay between a refinery’s blue and
green hydrogen systems.
o Identify flexibility measures in the hydrogen system to reduce the production cost of hydro-
gen.
o Identify sensitive parameters and analyze the robustness of the system, regarding operation
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strategy and system dimensions.
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Theory

The theory section covers current hydrogen production at existing refineries (2.1), different sorts of
energy storages (2.2), how power purchase agreements can be designed (2.3), carbon capture and
storage (2.4), and finally how the European Union’s Emission Trading System is designed (2.5).

2.1 Hydrogen system at traditional refineries

In today’s refineries hydrogen play several key roles. Hydrogen is both a reactant in chemical
reactions and a byproduct from certain processes, see Figure 2.1. The main purpose of hydrogen
at refineries is for hydrotreating, which is a catalytic process where unsaturated hydrocarbons are
converted to paraffin by adding hydrogen [7]. In the process, sulfur is removed from the hydrocar-
bon. Hydrogen is also used for hydrocracking where heavier oil fractions are upgraded to lighter
fractions with higher market value [8].

There are two commercial forms of hydrogen production at traditional refineries: steam methane
reforming (SMR) and utilizing byproduct hydrogen from processes [9]. In the SMR a light hydro-
carbon and steam are catalytically cracked at high temperatures. The most common feedstock
for the SMR is natural gas, where methane is the main component. Modern refineries are usually
designed with the possibility to use other available sources of hydrocarbons as feedstock in the
SMR [10]. Such available sources of hydrocarbons are often off-gases from other processes at the
refinery, containing a mixture of different light hydrocarbons and hydrogen. The output from the
SMR is synthesis gas, which consists of hydrogen, carbon dioxide, and carbon monoxide. The
carbon monoxide is further reacted into carbon dioxide, and the carbon dioxide and hydrogen
are separated [11]. Hydrogen is also produced as a byproduct from the catalytic reforming unit
(CRU), where naphtha is reformed into high-octane products. Depending on the quantity of octane
products that is produced in the refinery the amount of byproduct hydrogen varies. Other minor
byproduct sources of hydrogen are the gasification of petroleum residues and coke and recovery
from the refinery off-gases. Byproduct and recovery streams of hydrogen are complemented with
the bulk production of hydrogen that is produced in the SMR [12].

The catalytic process in the SMR is endothermic, which means that heat is required [13]. The
catalytic reaction requires high-temperature steam of around 700-1000°C and 3-23 bar to separate
the hydrogen from the feedstock. The high temperatures of the SMR limit how the unit can be
operated. Fast load shifting can therefore result in internal thermal stresses and reduce the ex-
pected lifetime of the unit. Except for technical limitations, other factors at the refinery limit the
operation of the SMR. Refineries that are designed to utilize off-gases as feedstock in the SMR
are constrained by the availability of off-gases at the refinery. Without storage for off-gases, the
minimum load of the SMR is determined by the excess off-gases available at the refinery.

Both the refining industry and the transportation sector are facing challenges to reduce the climate
impact of fuel production and fuel usage. The challenges are associated with finding substitutes for
fossil fuels, and the demand for biogenic fuels is therefore expected to increase in the near future
[14]. The electrification of internal combustion passenger vehicles is an ongoing process, but other
parts of the transportation sector are more difficult to electrify, such as aviation, shipping, and
long-distance trucks. The demand for biofuels and electrofuels is therefore expected to increase in
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the future [15] [16]. For refineries, this means a shift away from refining petroleum to processing
biogenic feedstock and waste materials. By shifting to biogenic feedstock the refining process will
be affected in certain ways. First of all, the biogenic feedstock at the refinery means that there will
be biogenic off-gases available at the refinery. These off-gases can generate net negative emissions
if CCS is employed (BECCS). Secondly, Preem is not planning to operate the CRU for hydrogen
production in a climate-neutral refinery configuration, due to low volumes of CRU feedstock when
operating their refineries on biogenic feedstock. Additionally, the biogenic feedstock refining process
requires more hydrogen than refining petroleum products. Biogenic feedstock contains oxygen and
double bonds, which requires more hydrogen to saturate the hydrocarbons. Hydrogen is also used
as feedstock in the process of producing electrofuels. However, the demand for electrofuels in the
near future (until 2035) is uncertain and is therefore excluded from this thesis work. The hydrogen
supply from the catalytic reformer unit is also neglected, and the assumed hydrogen demand is
in line with one of the scenarios of Preem’s expected annual demand in the year 2035 of 100,000
tonnes (3300 GWh) in Lysekil. Further, the hydrogen demand at the refinery is assumed to be
continuous and constant over the year.

Off-gases

Hydrogen
Fraction / fuel

Steam Methane
Reformer (SMR)

Catalytic
Reformer Unit
(CRU)

Naphtha Gasoline

Hydrotreating

Crude oil
atmospheric
distillation

Kerosene Jet fuel

Hydrotreating

Light gas oil Diesel

Hydrotreating

Heavy gas oil /

Vacuum vacuum oil
distillation

Hydrocracker

Figure 2.1: Principle illustration of hydrogen consumption and production at traditional refinery.

2.1.1 Flexible hydrogen production at refinery

An alternative to producing hydrogen by steam methane reforming is through water electrolysis,
where an electric current splits water into hydrogen and oxygen. Compared to steam methane re-
forming, the electrolysis process comes with no carbon emissions, if the electricity is carbon neutral.
The electrification of hydrogen production at refineries will increase the demand for electricity and
the electrical load on the electricity system. From a system perspective, the additional load can
cause costly power peaks and congestion in the regional electricity grid. For refineries and other
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energy-intensive industries, there is also a value in consuming electricity when cost-efficient renew-
able electricity production is available. The concept is called demand side management (DSM)
and the general definition is that an energy consumer modifies its demand for energy through
variation management strategies (VMSs) to reduce the cost of energy [17]. The DSM concept
can be applied to a hydrogen system by allocating the operation of the electrolyzer when there is
high availability of renewable electricity production. However, there are limitations in how flexible
certain hydrogen-consuming processes at refineries can be operated. To enable the electrolyzer
to operate when there is available renewable electricity production, hydrogen storage can be ap-
plied to meet the hydrogen demand at all times. This variation management strategy where large
volumes of energy consumption are shifted for long periods is called complementing strategy and
has been proven to be cost-efficient in combination with wind variations [18]. To further increase
the degree of flexibility of the hydrogen system, load shifting using batteries is considered in this
thesis. Load shifting is a variation management strategy where the electric peak load is shifted
in time and has been proven to be cost-efficient to manage diurnal load variations, such as solar
variations.

2.2 Energy storage

For this thesis, there are two sorts of energy storages investigated, hydrogen storage and lithium-ion
batteries (LIB). The different technologies offer different technological and economic characteristics.
Following is a short description of the energy storages.

2.2.1 Hydrogen Storage

The large-scale storage which is in use on a worldwide scale is pressurized hydrogen tanks. The
tanks are commonly manufactured in seamless steel or other materials, such as polymer (plastic)
liners or composite wrapping with steel. The tanks are tested to withstand 5500 charging and
discharging cycles at 125 % of nominal working pressure and are suited for long-term storage. For
storing larger quantities of hydrogen gas, it is not feasible to exceed pressures of 200 bar(g) at
ambient temperature, due to material limitations and costs [19].

As an alternative to pressurized hydrogen tanks, the joint venture project Hybrit aims to store
hydrogen in large excavated caverns, where a pilot hydrogen storage plant in Lulea, Sweden, is up
and running [20]. The technique is called lined rock cavern (LRC), where the surrounding rock
formation carries the main structural load, while the steel lining creates a layer that is hardly
penetrable [21]. The space between the inner steel lining and surrounding rock is filled with con-
crete, an illustration is seen in Figure 2.2. Hybrit sees the need to employ hydrogen storage in a
full-scale hydrogen gas storage facility measuring 100,000 to 120,000 cubic meters, with a capacity
to store more than 65 GWh of hydrogen gas [20]. LRC is a well-known technology and has been
used to store natural gas for 20 years in the Swedish facility Skallen, Halland [21]. Skallen has
a total volume of 40,000 m?, and this translates to a capacity of 640 metric tonnes of hydrogen
gas, equivalent to approximately 21 GWh of hydrogen gas [22]. Operational limitations constrain
LRC storages, which in turn impact their profitability. Specifically, an LRC’s maximum filling
and emptying rates are subject to these limitations. Such maximum rates are determined through
thermodynamic simulations, which assume that equivalent pressure changes can be tolerated when
operating an LRC with hydrogen as when using natural gas [23].

According to Papadias and Ahluwalia [24], the specific investment cost for underground LRC is
approximately EUR 1,900/MWh. Andersson and Gronkvist[23] show different figures, where they
are estimated to be EUR 3,650/ MWh. Toktarova et al. (2022) [25] are using LRC technique in their
modeling, and have used even higher figures for the specific investment cost of EUR 11,000/ MWh.
For large-scale hydrogen storage and Swedish conditions, LRC seems to be the most cost-efficient
technology for shallow depths and is fit for a variety of geological conditions [26].



2. Theory

HYDROGEN
GAS

Figure 2.2: A conceptual illustration of the three layers that seal the stored hydrogen gas - rock
bed, concrete, and steel lining

2.2.2 Li-ion Batteries

Lithium-ion batteries (LIB) are manufactured in small cells, which are assembled into modules that
make up large packs [27]. The larger the desired storage capacity, the larger the pack. The input
and output are both electricity and offer a high round-trip conversion efficiency, of approximately
90 %. There are two components that make up the round trip losses in a LIB, the operational
and standby losses. Operational losses come from charging and discharging the pack and standby
losses come from internal current leakage, which makes storage periods of seasonal scale for LIBs
unfeasible. LIB offers a broad variety of energy system services on grid scale such as frequency
and voltage regulation, and load shifting. One main design parameter of a battery is the inverse
of the time to fully discharge a battery pack, the so-called C-rate. It yields a ratio between the
installed capacity measured in energy and the maximum average power output from the battery.
In this thesis, a C-rate of 1 is assumed, both for charging and discharging. LIBs have seen a
long trend of cost decline [EUR/MWHh], but recently the average prices have increased due to raw
material shortage and soaring inflation [28]. Axpo will deploy a 20 MW /20MWh grid-scale battery
in Sweden during 2024 [29)].

One possibility with the Swedish electricity system is that it will be dominated by asynchronous
and non-dispatchable generators, i.e. solar and wind power. New challenges will then arise with
load balancing and frequency control and batteries seem to be promising to both short and long-
term ancillary services [30]. Large-scale grid batteries can sign up as a reserve at Svenska Kraftnét
(Swedish authority for power transmission), a profitable agreement [31]. With the chosen method-
ology of energy-only, ancillary services with batteries are delimited.
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Table 2.1: Costs for energy storage technologies.

Technology Specific investment cost [EUR/MWHh)]
Pressurized hydrogen tanks 45,000

Lined rock cavern 1,900-11,000

Battery 135,000

2.3 Power Purchase Agreements

A Power Purchase Agreement (PPA) is a long-term contract where an electricity consumer agrees
to purchase electricity directly from an electricity producer, often to a fixed price of electricity [32].
Power purchase agreements have existed for decades in the energy industry, but the popularity of
PPAs has increased due to the rapid expansion of renewable electricity production. Power purchase
agreements play an important role in the electrification process of energy-intensive industries. This
section aims to describe and motivate the importance of PPAs and to clarify assumptions regarding
PPAs in this thesis work.

Renewable energy producers have been relying on subsidies from governments during their develop-
ment phase [32]. The technical development of renewables has led to a cost reduction of renewables,
which subsequently has led to the withdrawal of subsidy programs. The subsidy programs consti-
tuted as financial security for investments in renewable energy technology. The volatile electricity
prices on the spot market contribute to uncertainties regarding the guarantees of the return on
the investment. A power purchase agreement can provide similar financial security as a subsidy
program by minimizing the risk-to-return ratio through a long-term agreement that guarantees the
return on the investment. Nowadays with electricity deficits, congestion, and volatile electricity
prices on the spot market, PPAs can provide security in electricity supply for consumers as well.
By entering a PPA the consumer secures the supply of electricity as well as creating the incentives
for new electricity generation in the system. The origin of the electricity in a PPA is known and
green certificates can be obtained by entering a renewable PPA.

There are different variants of how power purchase agreements are structured, both regarding
electricity supply and payment strategy [32]. The most common variant of agreement regarding
electricity supply is a virtual PPA, which means that there is no physical connection between the
electricity producer and consumer. The contract consists of a financial agreement enabling the
consumer to purchase electricity at a certain price. In theory, the absence of a physical connection
makes it possible for parties within different electricity markets and price regions to enter a virtual
PPA. The other electricity supply variant of a power purchase agreement is a physical PPA, which
means that there is a physical transmission connection between the producer and consumer. A
physical PPA is limited to the transfer capacity between the two parties, whereas a virtual PPA is
constrained by the grid connection on the consumer side. In this study, a physical PPA is assumed
due to limitations in transmission capacity between the refinery and the regional grid.

The payment strategy for power purchase agreements can be structured in different ways. A
baseload PPA is an agreement where the producer agrees to deliver a certain amount of electricity
over a certain timeframe [32]. In return, the consumer agrees to purchase the agreed-upon volume
of electricity. In a baseload PPA, the producer is responsible for covering the shaping and balanc-
ing costs. The shaping cost is the difference between the baseload price (often referred to as the
average spot price) and the effective price on the day ahead spot market. In a system with a high
share of renewables, the spot price is likely to be low at the time of production. This results in the
cannibalization effect, where the producers cannibalize on their own income. The cannibalization
effect results in shaping costs for the producers. The balancing costs stem from imbalances between
the agreed-upon volume and the delivered electricity. For intermittent electricity generation, the
production cannot be forecasted with full accuracy and the producer is obligated to compensate
for these imbalances. The other payment strategy is called “pay-as-produced” and means that the
producer has agreed on delivering a certain amount of electricity when the electricity is available
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for production, e.g., during windy conditions for a wind farm [32]. The consumer agrees to pur-
chase electricity when it is produced in time. With this payment method, the volume management
and the risk associated with shaping and balancing are handled by the consumer. Typically, the
producer builds a power plant or wind farm for the purpose of the PPA. This means that costs from
the entire supply chain are reflected in the pricing of the PPA. In this study, a "pay-as-produced"
payment strategy is assumed to avoid estimations of shaping and balancing costs and to introduce
variability to the system in order to investigate flexibility measures.

Sweden is the largest market for power purchase agreements in Europe [33]. Other European coun-
tries have or have had subsidy programs like feed-in-tariffs, or capacity compensation to stimulate
investments in renewable electricity capacity, whereas the relatively unregulated electricity market
in Sweden has forced electricity producers to rely on other financial sources, such as power pur-
chase agreements [34]. In the third quarter of 2020, Sweden had the lowest PPA prices for wind
power in Europe. In Figure 2.3, the average PPA price can be seen in relation to the spot prices
in price region SE3 during 2020. The market price for onshore wind power PPA in Sweden was
29 EUR/MWh during this year, which corresponds to the levelized cost of electricity (LCOE) for
onshore wind power [33][35]. In this study, the cost of electricity via PPA is therefore assumed to
be equal to the LCOE for offshore wind power.

The latest trend for power purchase agreements in Sweden is that energy-intensive industries enter
long-term agreements to secure their electricity supply. The Swedish concrete producer Cementa
recently entered an agreement with OX2 and the plan is to annually produce 19.5 TWh of offshore
wind electricity to the upcoming concrete factory in Slite, Gotland [36]. Both Preem and ST1 have
entered a partnership with Vattenfall, where the offshore wind on the west coast will contribute to
the fossil-free value chain of fuel production [37] [38].
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Figure 2.3: Spot prices and mean PPA price for onshore wind power in SE3 (2020).

2.4 Carbon Capture and Storage (CCS)

The employment of CCS plays a major role for Preem to reach their domestic net zero goals by
the year 2035. Biermann et al. [39] state that Preem will proceed with a post-combustion amine
solution unit and hence will be the only considered technology in this thesis. An amine carbon
capture technology uses a circulating amine solution to extract COs from the flue gas in a counter-
current flow. When in contact, the carbon dioxide is absorbed from the flue gas mixture and
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leaves in a concentrated stream after heat is indirectly applied with steam to strip CO5 from the
solvent. Amine post-combustion carbon capture has a capture rate of 90 % of the flue gases’ total
COg2 content. Higher capture rates can be achieved but at the expense of larger heat demand.
Post-combustion carbon capture is well-suited for a broad range of COs sources, especially the
SMR which has the highest CO45 content in its flue gases at Preem’s refinery in Lysekil. Due to
the need for additional heat for operating the CCS, additional operation and maintenance costs
are yielded for the site.

With the COy captured, it needs to be conditioned (compression and liquefaction), transported,
and stored permanently, for example beneath the seabed on Norway’s west coast. These aspects
do also yield further variable costs to the CCS unit.

2.5 EU Emissions Trading System (EU ETS)

The European Union have an Emission Trading System, EU ETS, which is their main policy
to combat climate change and its key tool for reducing greenhouse gas (GHG) emissions cost-
effectively. It covers greenhouse gases such as carbon dioxide (COg), nitrous oxide (N2O), and
perfluorocarbons (PFCs). It is a market designed as a "Cap and trade" system with a finite
amount of allowances. The allowances are allowed to be traded within the market and therefore
puts a price on the allowances [EUR/tCO2|. All EU is included plus Iceland, Lichtenstein, and
Norway. The mechanism limits GHG emissions from the energy sector, manufacturing industry,
and aviation within the included countries. In total, 40 % of the EU’s greenhouse gases are included
in the EU ETS. Each year the number of allowances diminishes, making the supply side smaller
and the price of the allowances rise [40].
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Methods

In this section, the methodology of this thesis is presented. The hydrogen system and the linear
optimization model of the hydrogen system are presented in Section 3.1. The description of the
linear optimization model is followed by the methodology for economic calculations in Section 3.2,
and the modeling of hydrogen storage and compression work in Section 3.3 and 3.4. A description
of the sensitivity analysis is presented in Section 3.5.

3.1 The linear optimization model

In this section, the linear optimization model for minimizing the total cost of hydrogen at the
refinery is presented. The minimization model consists of an objective function (Section 3.1.1),
describing the total cost of hydrogen for meeting the hydrogen demand, and constraints described
in Section 3.1.2, that represent technical limitations of the observed technologies and system re-
quirements. The linear optimization model is formulated and implemented in the commercial
software General Algebraic Modeling System (GAMS). The model is formulated as an investment
and a dispatch model, which means that the dimensions of technologies and the operation of the
technologies are optimized simultaneously, in order to minimize the total system cost. The model
is on an annual basis with an hourly resolution, which allows for capturing the variability of VRE.
In Figure 3.1, a system overview of the investigated hydrogen system is presented, and how the
different technologies interact with each other. Note that there is no direct connection between
the wind farm and the regional grid. This means that excess electricity from the offshore wind
farm can only be exported to the regional grid by passing through the refinery. The transmission
connection between the refinery and the regional grid is limited by the available transmission ca-
pacity. The system and technology interactions are further explained in Section 3.1.1 and Section
3.1.2. In the model, the hydrogen demand, wind profile, and electricity spot price are implemented
as parameters, which provides the model with perfect foresight and yields the most cost-effective
combination of technologies and operation. In Table 3.1 the notations used to describe the model
are presented.
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Figure 3.1: Schematic overview of the system investigated in this thesis. Technologies included
in the green hydrogen system are shown in green, and technologies included in the blue hydrogen

system are shown in blue.
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Table 3.1: Notations describing the model.

Sets
T Set of time steps {1,...,8760}
N Set of technologies {WF, electrolyzer, SMR, Hs storage, battery, CCS}
Nstorage Subset of N that includes the storage technologies {hydrogen storage, battery}
N2 Subset of N that includes the hydrogen production technologies {SMR, electrolyzer}
Variables
Ctet Total system cost [EUR]
in The installed capacity of technology n [MW], [MWh]
Pn,t Hydrogen produced by technology n at time step ¢ [MWh/h]
AV Positive load difference of technology n between time step ¢t and ¢ —1 [MWh/h]
Snt State of charge of energy storage technology n at time step ¢ [MWHh]
fﬁawe Charge variable for energy storage technology n at time step ¢ [MWh/h]
zf‘i,,“h“me Discharge variable for energy storage technology n at time step ¢ [MWh/h]
eime Imported electricity at time step ¢ [MWh/h]
e;"? Exported electricity at time step ¢ [MWh/h]
Parameters
dy Hydrogen demand at time step ¢ [MWh/h]
gind Wind profile at time step ¢ [l
(oN Operational cost of technology n at time step ¢ [EUR/MWHh]
Cinv Annualized investment cost of technology n [EUR/MW], [EUR/MWHh]
ceve Cycling cost of technology n [EUR/MW]
Tn Allowed ramping rate for hydrogen producing technology n [l
[min Minimum load for hydrogen producing technology n [
qt Electricity spot price at time step ¢ [EUR/MWHh]
a%’““'ge Maximum charge rate for energy storage technology n [l
afj“h‘”-"e Maximum discharge rate for energy storage technology n [l
ntransmission  Ayailable transmission capacity [MWh/h]
Mn Conversion ratio for technology n [
W Compression work of the compressor [MWh/MWhps]
socer Maximum storage capacity for storage technology n [MWHh]
GT Grid tariff for power distribution [EUR/MWHh]
GP Price of liquefied natural gas (LNG) [EUR/MWh]
PPA Electricity price of power purchase agreement [EUR/MWh]
ETS Cost for emitting CO, (EU Emissions Trading System) [EUR/MWHh]

3.1.1 Objective function

In Equation (3.1), the objective function for minimizing the total system cost is presented. As
stated earlier, the model is an investment and a dispatch model and includes both investments in
technologies and the operation of the technologies. Note that the capacity of the SMR is set to
the existing SMR capacity available at the refinery, and no further investment in SMR capacity
is allowed. To represent the current operation of the SMR, an additional cost (CS¥S)) is assigned
for changing the load of the SMR, and the cost is assumed to be 2.5 EUR/MW. This is a fictive
cost that mitigates fluctuating behavior of the SMR. The electricity from the offshore wind farm
is bought via a physical pay-as-produced PPA, where the PPA price is estimated to be equal to
the LCOE for offshore wind power. By assuming a pay-as-produced PPA, the refinery pays for
all produced electricity from the offshore wind farm, even during curtailment. The model is also
allowed to trade electricity with the electricity grid. Note that there is a grid tariff on the imported
electricity to represent grid taxes and transmission fees. The transmission capacity between the
refinery and the regional grid is limited by the existing transmission capacity at the refinery, which
is explained in Section 3.1.2.

min C°t = Z C:;m} “lp + Z (ngmt “Psmrt + Coin - Asmr,t) +
nGN\{smr,wf}' teT ‘ (31)
+> PPA-g"™ i+ Y (eim” (q+GT) —qr - 6?”)
teT teT
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3.1.2 Model constraints

The demand constraint described in Equation (3.2) ensures that the hydrogen demand is met by
the hydrogen production technologies (electrolyzer and SMR), and the hydrogen storage at all time
steps. The electrolyzer technology assumed in this thesis is alkaline.

d; < Z Pt — zg}ggf’f + zf}figfrge NVteT (3.2)
neNH2

The hydrogen supply from the production technologies is limited by the invested capacity iy,
according to Equation (3.3). The SMR is also subject to a constraint limiting the minimum load,
Equation (3.4). The refinery is assumed to utilize off-gases as feedstock in the SMR, and the
minimum load constraint simulates the utilization of these off-gases. The concept of utilizing off-
gases at a refinery is explained in Section 2.1. To simplify the cost estimation for the off-gases
it is assumed that the off-gases have the same marginal cost as natural gas. The electrolyzer
has no constraints on minimum load and is assumed to be fully flexible within the hour. These
assumptions also apply to the compressor.

Pt <in, n€ NP2 Wt eT (3.3)

psmr,t Z l;nnz# : ismrv Vt S T (34)

The operation of the SMR is subjected to a number of constraints that limits how fast the SMR is
allowed to change the load in time. The constraints for up-ramping and down-ramping described
in Equations (3.5) and (3.6) describe the technical limitations of the SMR. Equation (3.7) and
(3.8) calculates the positive load difference between two time steps. The positive load difference
is multiplied by the cycling cost in the objective function (Equation (3.1)) to mitigate fluctuating
behavior of the SMR. The technical limitations and cycling of the SMR, are described in Section
2.1.

Dsmr,t+1 — Psmrit < Toip = bsmr, VL €T (3.5)
Psmrt — Dsmrt41 < Toos™ - igmr, Yt €T (3.6)
Asmrt 2 Psmr, t—1 — Psmr, t, VE €T (3.7)
Asmrt 2 Psmr, t — Psmr, t—1, VL €T (3.8)

The maximum capacity of hydrogen storage is assumed to be the size of the existing crude oil
caverns at the refinery, which is described in Equation (3.9). There are no limitations in allowed
investments in battery capacity. However, the state of charge of the energy storage is limited by
the invested storage capacity, according to Equation (3.10). The state of charge for the storage
technologies is presented in Equation (3.11).

iLre < SOCTSaz, (3.9)

St <ip, n € N9Vt € T (3.10)
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h disch
Snt = Sni_1 + ZZ,taTge _ anfc arge’ ne Nstorage7Vt ceT (3.11)

The following constraints relate to the operation of the energy storages. Equations (3.12) and
(3.13) limit the rate of charge and discharge of the energy storages. The Equations (3.14) and
(3.15) constrains the variables for charging and discharging.

Spitl — S < alharae o € NSOTU9C it € T (3.12)
Snt — Snt1 < osz“h”ge ip, n € NStOTA9e Yt ¢ T (3.13)
g T9e < qeharge ., p € NotOTe9e Yt € T (3.14)
ZZ:ifcharge < aglischarge Cip, m € Ntorage yp T (3.15)

The electricity balance of the hydrogen system is presented in Equation (3.16). The equation
relates the electricity-consuming technologies with the electricity supply via PPA and spot market
and the utilization of battery storage. The battery efficiency is allocated on the discharge sequence
to avoid double counting the energy losses. The transmission capacity between the regional grid
and refinery limits the import and export of electricity, described in Equations (3.17) and (3.18).

(1/Netectrotyzer+W) -Delectrolyzer,t ng‘)i"d'iwindJreimP*EteZPJrnbattery'Zgiitcs:;iefzggft:iz,tx vteT (316)
e;mp S ,ytv"ansmzsswn7 YteT (317)
ex 1SS

et D S ,ytransmlsswn’ vt c T (318)

To mitigate carbon dioxide emissions from the SMR, a carbon capture and storage unit (CCS) is
employed. No carbon emissions are allowed except for the emissions related to the losses in the
CCS unit. The CCS unit is assumed to capture 90 % of the total emissions, and the residuals
escaping the CCS are accounted for through the EU ETS. The operation of the SMR is therefore
limited by the capacity of the CCS unit, see Equation (3.19).

Tees = Mees * Dsmr,ts vteT (319)

3.2 Economic calculations for technologies

The total cost for the investigated technologies in this thesis is divided into capital expenses
(CAPEX) and operational expenses (OPEX). The operational expenses can further be divided
into fixed and variable operational costs. The technologies have different technical lifetimes, and
the capital expenses are therefore annualized. The capital recovery factor is obtained by (3.20),
where 7 is the interest rate and n is the technical lifetime of the component. The interest rate used
in this thesis is 5%. The annualized investment 4,,, n € N where N is the technologies investigated,
including fixed operating and maintenance costs on a yearly basis, are obtained by Equation
(3.21), where CAPEX is measured in [EUR/MW] and fixed operational and maintenance costs are
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measured in [EUR/MW /yr]. For energy storage technologies CAPEX is measured in [EUR/MWHh]
and fixed operational and maintenance costs are measured in [EUR/MWh/yr].

(i )n
N (3.20)
i, = r- CAPEX,, + fixed O&M,, (3.21)

3.2.1 Operational cost of SMR
The total operational and maintenance cost of the SMR, C%, [EUR/MWhps], is determined by

three parameters - gas price, OPEX of the CCS and the EU ETS allowance price. The costs arising
from the CCS are multiplied by the ratio of metric tonnes of CO4 released for producing 1 MWh
of hydrogen gas in the SMR, which is estimated to be 0.28 [mt/MWHh] [41]. Operational expenses

CoP for CCS are presented in Appendix A and were provided by Preem.

ccs

con, = EEPIE 10,28 (C2, + (1 = news) - ETS) (3.22)

77877”‘

3.2.2 Levelized Cost of Hydrogen

The levelized cost of hydrogen (LCOH) describes the average cost of producing 1 MWh of hydrogen.
The blue and green hydrogen system costs are distinguished with two different LCOH, where
their respective average costs are determined. LC'O Hpyye, describing the average cost of hydrogen
produced of the SMR with employed CCS unit, is computed in Equation (3.23). The levelized cost
for the green system LCOH geen, constituting of running costs for PPA, export and import, and
investments in electrolyzer and energy storages, is computed in Equation (3.24). The total levelized
cost of hydrogen is computed as the weighted average of the green and blue system, according to
Equation (3.25).

op
Z Csmr,t * Psmrt

teT
LCOHpye = (3.23)
Z psmr,t
teT
CIMY viglect Z Cfﬁ”‘in*Z PPA‘glvi"d‘iwderZ M (g +GT)—qy el P
storage
LCOOHyreen= e o e ter (3.24)

§ Pelec,t

teT

LCOH!]TGE’H E Delec,t + LCOHppye Z DPsmr,t
teT teT
Z Z Dnt

neNH2 teT

LCOH =

(3.25)

3.2.3 Levelized cost of offshore wind power

The levelized cost of electricity (LCOE) for the offshore wind farm describes the average cost of
producing 1 MWh of electricity. The LCOE is affected by the annualized capital expenses ;"f”,
the operational expenses Cfupf, and the full load hours (FLH) of the wind profile. An average
FLH is determined from ten different wind profiles for the years 2010-2019. The wind profiles
are generated by GlobalEneryGIS [42], see Section 3.5.5. The levelized cost of electricity for the
offshore wind farm is presented in Equation (3.26). As mentioned in Section 3.1.1, the PPA price

is estimated to be equal to the LCOE of offshore wind power.

NV op
i+ C - FLH
FLH

LCOE = (3.26)
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3.3 Compression of hydrogen

Hydrogen is a lightweight gas in ambient conditions with high energy content per mass unit

(33 kWh/kgz2), but has low volumetric energy content (2.8 kWh/Nm?). To cost-efficiently store
hydrogen, it is common to compress it mechanically with compressors, even if the ambient pressure
of the hydrogen gas is acceptable for end-use. The desired hydrogen pressure level at refineries
depends on the design of the refinery and the technical requirements for hydrogen-consuming
processes. The hydrogen pressure level assumed in this thesis is 80 bar, which approximately
corresponds to the pressure level at Preem’s refineries. The operating pressure assumed for the
alkaline electrolyzer is 3 bar(g) (p1), and the mechanical work needed to compress hydrogen from
p1 to desired pressure py can be described with the Equations (3.27)-(3.30). For an adiabatic
process, the new temperature Ty [K] is obtained with Equation (3.27).

o\ (Y—1/
Ty =T (%) (3.27)
The enthalpy [kJ/kg] of an ideal gas can be expressed as in Equation (3.28).
h=C,T (3.28)
The work [kJ/kg] of an ideal gas over a turbomachine is determined by Equation (3.29).
Aw = hy — hy = Cp(Ty — Ty) (3.29)

The ideal compression work, W [MWh/MWh 5] for hydrogen can then be expressed according to
Equation (3.30).

W=Cy(T2—-Ty)-36-1072p; " (3.30)

e

3.4 Sizing of hydrogen storage

In reality, the existing space to build LRC is limited to existing crude oil caverns on site. An
upper limit for investments in LRC is therefore determined using the ideal gas law. The volume V'
[m?] is given by the existing volume of the crude oil caverns, assuming temperature 7' [K] and the
desired storage pressure py [Pa]. The ideal gas constant R=8.314 [J/mol/K] and the molar mass
of hydrogen M [kg/mol], yields a mass that is converted to the energy quantity [MWh] according
to Equation (3.31).

p2V M

nar — o~ o  Pe 31
S0C, TP (3.31)

3.5 Sensitivity Analysis

To identify sensitive system parameters and analyze how these affect the cost-optimal system
configuration, a sensitivity analysis has been carried out. The uncertainty for certain system pa-
rameters also motivates a sensitivity analysis. The sensitivity analysis was conducted by changing
the value of a specific parameter and comparing the results with a reference. In the sensitivity
analysis, one parameter is changed at a time to be able to quantify the impact on the system. The
parameters investigated in the sensitivity analysis are - the cost of offshore wind power (PPA), the
specific investment cost of hydrogen storage, transmission capacity, spot price data, the operational
expenses for the SMR, and finally wind profiles from different years. Financial figures, technical
lifetimes, and efficiencies for the respective technology used in the reference case are presented in
Appendix A. In the reference case, a wind profile and electricity spot prices are used from the year
2019.
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3.5.1 The cost of offshore wind power

Power purchase agreements are established contracts used in industry and by utility companies.
The popularity of these types of agreements is fast-growing with the rapid implementation of
renewable energy. In this thesis, a PPA cost of 53 EUR/MWHh is used as a reference. The PPA
cost is determined by the levelized cost of electricity for offshore wind power described in Equation
(3.26). To account for uncertainties related to PPA costs, a sensitivity analysis was conducted that
involved changing the cost of PPA in the range of 42-85 EUR/MWh.

3.5.2 The investment cost of hydrogen storage

According to previous studies, hydrogen storage enables to manage variations of VRE and supports
a constant supply of hydrogen. The literature shows a broad span of the investment cost for
hydrogen storage [19][24][23][25]. Therefore, a sensitivity analysis of the specific investment cost
of hydrogen storage has been conducted. The assumed investment costs in the sensitivity analysis
represent both lined rock caverns and pressurized hydrogen tanks, in the range of 1,900-45,000
EUR/MWHh (see Table 2.1). The absence of hydrogen storage is also investigated in this sensitivity
analysis, where no investment in hydrogen storage is allowed.

3.5.3 Transmission capacity and forecasted spot prices

The transmission capacity between the regional grid and the refinery limits electricity import and
export. The future transmission capacities for Preem’s refineries are uncertain and are therefore
included in the sensitivity analysis. The transmission capacity between the regional grid and the
refinery is varied between 0-60 MW to investigate the impact on the hydrogen system. In the
model, the transmission capacity is implemented as a parameter and no investment costs are con-
sidered. Note that electricity supply outside the system boundary (Figure 3.1) is not considered
and it is assumed that electricity imported from the regional grid has no effect on the marginal
cost of electricity production. In the case where no transmission capacity is assumed, the refinery
is in "island mode" with no ability to import and export electricity. In that case, the hydrogen
system relies solely on the electricity supply from the offshore wind farm.

The electricity spot price is implemented as a parameter in the model from historic data. In
the near future, the electricity spot market is expected to fluctuate more when introducing more
renewable electricity generation. As a reference, the spot prices for 2019 have been used in this
thesis. To investigate how a higher share of renewable electricity generation affects the model, the
forecasted marginal cost of electricity production for 2050 is used. The marginal cost of electricity
generation is assumed to be equal to the spot price that would be sold on the spot price market
and is henceforth referred to as spot prices. The forecasted spot prices of 2050 are tested with
different transmission capacities in the range of 0-60 MW. The forecasted spot prices for 2050 were
generated by Oberg, Odenberger, and Johnsson [43] with the cost-minimizing electricity system
investment model eNODE. The model minimizes the total costs of necessary investments and
operation of the system to meet electricity and hydrogen demand for a future European energy
system assuming zero emissions of carbon dioxide. The forecasted spot price data is generated for
a combined region of bidding areas SE3 and SE4. eNODE uses technology data such as efficiencies,
fuels, operational expenses, and weather profiles to generate total system costs, dispatch profiles,
and marginal costs for electricity generation. The forecasted share of installed capacity for year
2050 for different technologies are generated by [43], and the reference values for Swedish electricity
mix are obtained from [44], all seen in Figure 3.2. Originally, eNODE was developed by Géransson
et al. [45].
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Figure 3.2: The share of installed capacity of electricity generating technologies for Sweden 2019,
Sweden 2050, and the total system 2050.

3.5.4 Operational cost of the SMR
The operational and maintenance cost of the SMR, C%, . is determined by Equation (3.22), which

smr?
is depending on three parameters: OPEX of the CCS unit, gas price, and EU ETS. The two latter
are decided on spot markets and are therefore associated with uncertainties. The fact that the
SMR is assumed to utilize off-gases as feedstock also contributes to uncertainties regarding the
operational cost of the SMR. As stated earlier, the amount of available off-gases at the refinery
is a consequence of refinery design and the market value of different types of fuels and chemicals,

and the off-gases are assumed to have the same marginal cost as natural gas.

Throughout the year 2022, European prices of liquefied natural gas (LNG) increased drastically
and reached an all-time high at the Dutch LNG market Title Transfer Facility, measuring 345
EUR/MWHh [46]. This can be compared to the average of 22.5 EUR/MWh during the period of
2010-2019 [47], an increase of more than 1400 %. With elevated inventories, an overall lower gas
consumption compared to historical levels and a mild winter in the EU has made the spot price to
find a new average of 55 EUR/MWoh for the first three months of 2023 [48]. As a reference value
of gas prices for the sensitivity analysis, a five-year average of the Dutch TTF market is estimated
to be 57.4 EUR/MWh, measuring from February 2023 and five years back [46].

The EU ETS allowance prices have seen a drastic increase recently, with a large uncertainty ahead.
On February 20th, EU ETS did breach the 100 EUR/tCO5 mark for the first time [49] and forecasts
estimate prices of 160 EUR/tCOs by the year 2030 [50]. As a reference value of the EU ETS
allowance price, 100 EUR/tCO- is assumed in the reference case. This yields a reference value to
the operational expenses to the SMR equivalent to 110 EUR/MWhp, and the sensitivity analysis
will be carried out for values in a range of 55-165 EUR/MWh o, representing the operational cost
of the SMR.

3.5.5 Wind profiles

The wind profiles used in the model are generated by Mattsson, Verendal, Hedenus, and Re-
ichenberg’s model GlobalEnergyGis [42]. GlobalEnergyGIS generates normalized supply curves
for different VREs for arbitrary regions of the world using a reanalysis of geospatial datasets. The
GIS model uses a mesh grid, with the size of approximately 1 km? for offshore wind power, where
employment of wind farms is enabled 5 kilometers from the coastal strip and at shallow waters
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(waters more shallow than 40 meters). The wind profiles are generated over a region covering
the coast of the municipalities Lysekil, Uddevalla, Orust, Tjérn, Stenungsund, Kungilv, Ockers,
and Gothenburg. This region yields a geographical smoothing to GIS’ wind profiles compared to
what an individual offshore wind farm would have, mitigating the variability, suppressing large
derivatives of load, and providing a higher capacity factor. The reference case is carried out for
2019 and the sensitivity analysis is conducted for the years 2015-2018. Since electricity spot price
is interlinked with weather data, spot prices from the associated year are used in respective opti-
mization for bidding area SE3.

This sensitivity analysis aims to give indications of whether the model is sensitive to one given
wind profile isolated to one year. Therefore all wind profiles are analyzed individually and with
one consecutive model run covering the years 2015-2019 with associating spot price data. To
differentiate between different years’ wind profiles, two parameters are used. To start with, the
capacity factor C'F is determined according to Equation (3.32), which describes the ratio of actual
normalized energy output compared to the theoretical over a year.

CF =Y g/""/8760 (3.32)
teT

Secondly, the dimensioning time period is used. This is defined as the time step ¢, € 17 when
the hydrogen storage is full until the time step tcmpty, Where the storage is entirely emptied. With
consecutive wind profiles over multiple years, this concept is extended to cycling of the hydrogen
storage. One cycle is measured as when the storage is fully charged, discharged, and charged again.
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Results

In this section, the results are presented and visualized. In Section 4.1 the results from the
reference case are presented, and is followed by the sensitivity analysis in Section 4.2. Financial
figures, technical lifetimes, and efficiencies are presented in Appendix A, and numerical figures for
parameters are shown in Appendix B.

4.1 Reference case

The resulting total annualized system cost for the reference case is 374 million euros. In the
reference case, 60% of the demand is supplied by the SMR, and the remaining 40% of the demand
is met by the electrolyzer. In Table 4.1, the numerical results for the reference case are presented.
The green hydrogen system consists of a 263 MW g electrolyzer, 14 GWh of hydrogen storage,
and 2.3 MWh of battery capacity. The optimization model invests in a CCS unit with a CO9
capture rate of 83.6 tonne CO2/h. These investments do altogether yield an investment cost of
approximately 444 million euros. The cost-optimal wind farm capacity in the reference case is
469 MW. The produced electricity from the wind farm is 2109 GWh during the year, whereas the
electrolyzer consumes 2096 GWh of electricity. There is a surplus of electricity in the system, which
contributes to 2.9 GWh of curtailment. The model exports 20.5 GWh and imports 10.9 GWh of
electricity. The capacity factors for the hydrogen production technologies are 56.9 % and 76.4 %
for the electrolyzer and the SMR, respectively. The combined levelized cost of hydrogen is 113.4
EUR/MWhps. The levelized cost of hydrogen for the green system is 111.0 EUR/MWhpgo and
115.0 EUR/MWhpg for the blue system. The marginal cost of hydrogen production describes the
cost of producing one extra unit of hydrogen. The maximum marginal cost is obtained during hours
with low wind power output and maximum load of the SMR and results in 363 EUR/MWhgs.
The average marginal cost of hydrogen production is 122 EUR/MWh o, slightly higher compared
to the OPEX of SMR, being 110 EUR/MWhp.

Table 4.1: Numerical results for the reference case.

[ Type \
o Electrolyzer Wind farm LRC Battery
Installed capacities (MW 172] (MW] (GWH] [MWH]
263 469 14 2.3
o & Electrolyzer consumption ‘Wind farm Curtailment Export Import
peration [GWh,] [GWh,] [GWh,] [GWh] [GWhy]
2096 2109 2.9 20.5 10.9
Capcaity factors Electrolyzer SMR
56.9 % 76.4 %
. Hydrogen Green hydrogen Blue hydrogen
Levelized cost of hydrogen [EUR/MWHh] [EUR/MWL] [EUR/MWL]
113.4 111.0 115.0

The two largest expenses of the total annual system cost are related to operational costs, where
58.3 % are dedicated to the SMR and 30.2 % to the purchase of PPA. An illustration of the
distribution of all costs is shown in Figure 4.1. Altogether, the investment costs account for 11.1%
of the total system cost. The electricity import accounts for 0.4% of the total system cost, and the
investment cost for the battery is negligible.
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PPA

CAPEX CCS

Import
P CAPEX hydrogen storage

CAPEX electrolyzer

CAPEX battery

58.3%

Operational cost SMR

Figure 4.1: Distribution of costs for the hydrogen system. Note that PPA, import and operational
cost of the SMR are related to the operational expenses of the hydrogen system. The capital
expenses are annualized according to Equation (3.21).

In Figure 4.2a, the hydrogen supply and demand during arbitrary 1500 hours can be seen. The
constant hydrogen demand of 377 MWhpo/h is met by the electrolyzer, SMR, and discharge of
the hydrogen storage. During hours with a surplus of hydrogen production, the storage is charged.
Surplus production is mostly due to high wind power output from the offshore wind farm. For
some hours the SMR contributes to charging the hydrogen storage, this is a result of the ramping
constraint on the SMR. During high wind power output, the SMR is operated on part load. The
results show that the SMR is operated on minimum load during longer periods with high wind
power output.

In Figure 4.2b, the electricity production from the offshore wind farm and the electricity consump-
tion for the green system are presented. The electrolyzer electricity consumption and charge of the
battery follow the wind profile, but there are hours when the wind output exceeds the electricity
consumption. During these hours with excess electricity in the hydrogen system, curtailment oc-
curs. There are also occasions when the electricity consumption exceeds the wind power output.
During these occasions, electricity is imported from the regional grid.
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Figure 4.2: Hydrogen supply from the electrolyzer, SMR and hydrogen storage, and the hydrogen
demand for 1500 arbitrary hours (a). The wind power production from the offshore wind farm and
the electricity consumption of the electrolyzer (b).

In Figure 4.3 the state of charge for the hydrogen storage is presented for 8760 hours. The state
of charge starts and ends at the same level of 6.2 GWh. The storage is full (14.0 GWh) two times
during the year, which occurs around hours 2,100 and 4,500. During the time period between
hours 4,500-5,300, the storage is completely discharged. This period where the state of charge goes
from full to empty is considered as the dimensioning time period. The dimensioning time period
determines the hydrogen storage capacity.
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Figure 4.3: State of charge for the hydrogen storage during the time set of 8760 hours. The
storage capacity is dimensioned by the time period between hours 4,500 and 5,300, where the state
of charge goes from full to empty.

In Figure 4.4a-c, the operation of the battery, electricity trading, electrolyzer electricity consump-
tion, and wind power output can be seen for 200 arbitrary selected hours. Interesting about these
results is that the model uses import to increase the capacity factor for the electrolyzer. This can
be seen in Figure 4.4c, where the electrolyzer consumption exceeds the wind power output from
the wind farm between hours 5240-5300. For the same time period, the model imports electricity
to increase the load of the electrolyzer (Figure 4.4b). Between hours 5320-5360, the electrolyzer is
operated at full capacity and the wind power output from the wind farm exceeds the consumed
electricity in the electrolyzer. During these hours the model exports electricity to the regional grid.
Similar behavior can be observed for the operation of the battery, where the battery is discharged
to increase the load of the electrolyzer, especially during periods with low or no import. The
charging of the battery storage occurs during import or when there is an overproduction of wind
power from the wind farm.
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Figure 4.4: Battery charge and discharge (a), electricity import and export (b), electrolyzer
electricity consumption and wind power production (c).

4.2 Sensitivity Analysis

The robustness of the model is analyzed with the sensitivity analysis. In this section, the results
of the sensitivity analysis described in the method (Section 3.5) are presented. The analysis is in
relation to the reference case described in Section 4.1.

4.2.1 The cost of offshore wind power

In Figure 4.5a, the total system cost in relation to the reference case is presented for different
costs of offshore wind (PPA). The PPA is in the range of 42-85 EUR/MWh, where the reference
value of the PPA is set to 53 EUR/MWh. The cost of offshore wind power affects the total system
cost, where a lower price of the PPA, yields a reduction of the total system cost, compared to the
reference value. With a PPA of 42 EUR/MWHh, the total system cost decreased by 6.2 %, and
with a PPA of 85 EUR/MWHW, the total system cost increased by 13 % compared to the total cost
of the reference case (374 MEUR/yr). The model is constrained in SMR capacity and electricity
transmission capacity and is therefore relying on electricity from the offshore wind farm to meet
the hydrogen demand. This is why the total system cost increases with the increasing cost of
offshore wind power.

The levelized cost of hydrogen is also affected by the cost of offshore wind power. The reference
case yields a total levelized cost of 113.4 EUR/MWhpgo, whereas the levelized cost for the green
and blue systems is 111.0 EUR/MWhps and 115.0 EUR/MWhps, respectively. In Figure 4.5b,
the levelized cost of hydrogen is presented for different costs of offshore wind power, where it varies
proportionally with the value of PPA in the price range 94.2-177.1 EUR/MWhgs. The figure
shows the levelized cost for the green and blue systems, where the respective cost contributions are
shown. The total levelized cost of hydrogen is a weighted average of the blue and green system,
calculated with Equation (3.23) and (3.24). The levelized cost for the blue system is not affected
by the cost of offshore wind power. For the green system, the cost contributions for offshore wind
power, imported electricity from the grid, and investment in hydrogen storage causes the levelized
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Figure 4.5: Total system cost in relation to the reference case (a), and levelized cost of hydrogen
for different costs of offshore wind power (b).

In Figure 4.6a, the electrolyzer capacity and offshore wind farm capacity are presented for differ-
ent costs of offshore wind power. The results show a reduction of invested electrolyzer and wind
farm capacity with increasing costs for offshore wind power. The cost of offshore wind power is
modeled as a pay-as-produced PPA, which means that all electricity produced from the offshore
wind farm is transmitted to the refinery. The refinery is therefore obligated to pay for electricity
when electricity is produced on time, even during curtailment. This results in less wind farm and
electrolyzer capacity when the PPA cost increases.

Similar reasoning can be applied when analyzing the hydrogen storage capacity for different PPAs
in Figure 4.6b. When the cost of offshore electricity increases, the model favors a larger storage
capacity for hydrogen to manage a smaller electrolyzer and offshore wind farm. However, the
battery storage capacity decreases with increasing PPA costs. The difference between wind farm
capacity and electrolyzer capacity, seen in Figure 4.6a, decreases with increasing PPA cost. The
battery storage utilizes the excess electricity not consumed by the electrolyzer, and with a smaller
difference between the wind farm and electrolyzer capacity, there is less excess electricity available

for the battery storage. Therefore, the battery capacity is 0 MWh for PPA costs of 64 EUR/MWh
or above.
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Figure 4.6: Electrolyzer and wind farm capacities for different costs of offshore wind power (a).
Hydrogen storage and battery storage capacities for different costs of offshore wind power (b).
Note that energy storage capacities are given in different magnitudes. Hydrogen storage capacity
is given in GWh and battery storage capacity is given in MWh. The reference cost of offshore
wind power (PPA) is 53 EUR/MWh.

In Figure 4.7a, the annual hydrogen production from the hydrogen production technologies for
different PPAs is presented. For PPA costs in the range of 42-85 EUR/MWh the SMR stands for
a majority of the hydrogen supply to the refinery. The hydrogen supply from the SMR steadily
increases with increasing costs of PPA, whereas the supply from the electrolyzer decreases for the
same range of PPA costs. This trend corresponds with the results shown in 4.5b, where the levelized
cost of hydrogen is presented. The LCOH for the green system increases, while the LCOH for the
blue system remains constant with increasing costs of PPA. It is therefore more cost-efficient to
meet the majority of the hydrogen demand with the SMR. The same trend is seen in Figure 4.7b,
where the capacity factors for the hydrogen production technologies are shown. The capacity factor
for the SMR increases with increasing costs of PPA and reaches a capacity factor of 98.4% with
a PPA of 85 EUR/MWh. This can be compared with the reference case which yielded a capacity
factor of 76.4% for the SMR with a PPA of 53 EUR/MWh. Note that no further investment in
SMR capacity is allowed, which means that the SMR capacity factor is directly correlated with
the hydrogen supplied by the SMR. This is not the case for the electrolyzer, where the installed
electrolyzer capacity varies with different costs of PPA.
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Figure 4.7: The annual hydrogen production from the hydrogen production technologies (SMR
and electrolyzer) (a). Capacity factors for each hydrogen production technology (b).

Electricity import, export, and curtailment with different PPA costs are shown in Figure 4.8. In the
reference case with a PPA of 53 EUR/MWHh, 10.9 GWh of electricity is imported from the regional
grid, whereas 20.5 GWh is exported from the refinery. With a PPA cost above 70 EUR/MWh, the
model favors the import of electricity, rather than export from the refinery. The trend observed
for the import is similar to the trend seen for the hydrogen storage capacity presented in Figure
4.6b. The curtailment for the reference case is 2.9 GWh and it decreases with increasing PPA
costs. This trend corresponds to the results observed for the electrolyzer and wind farm capacities,
seen in Figure 4.6a. As stated earlier, the difference between wind farm capacity and electrolyzer
capacity decreases with increasing PPA cost, which results in less overproduction of electricity,
hence less curtailment.
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Figure 4.8: Electricity trading with different PPA costs. Included in the trading is electricity
import and export, and the curtailment that is a result of excess electricity from the offshore wind
farm that cannot be utilized or exported due to model constraints.

4.2.2 The investment cost of hydrogen storage

Figure 4.9a shows how the relative total system cost changes with different specific investment costs
for hydrogen storage and the total system cost for a system with no available hydrogen storage.
Note that the results of this section are plotted as bars since the x-axis is discontinuous. Over
the whole test range, the total system cost increases with the specific investment cost of hydrogen
storage and continues to increase with disabled hydrogen storage. With a specific investment cost of
1,900 EUR/MWHh for hydrogen storage, the system becomes 2.6 % lower compared to the reference
case. With a specific investment cost of 45,000 EUR/MWh for hydrogen storage, representing the
cost of pressurized hydrogen tanks, the total system cost becomes 6.8 % more expensive compared
to the reference case. With the disabled possibility to invest in hydrogen storage, the system
becomes 25.9 % more expensive. Figure 4.9b shows the LCOH for different specific investment
costs of hydrogen storage. The change in LCOH for the blue system is negligible over the price
range. The green system becomes cheaper with a lower specific investment cost for hydrogen
storage. With a specific investment cost of 1,900 for hydrogen storage, the resulting LCOH of
the green system is 107 EUR/MWh, which is 3.5 % lower compared to the reference case. With
a specific investment cost of 45,000 EUR/MWh, representing pressurized hydrogen tanks, the
resulting LCOH of the green system is 130 EUR/MWh, which is 18.2 % higher compared to the
reference case with assumed lined rock cavern to a cost of 11,000 EUR/MWh. With no available
hydrogen storage, the resulting LCOH for the green hydrogen system is 170 EUR/MWh, 53.0 %
higher compared to the reference case.
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Figure 4.9: The relative change of total system cost (a), and LCOH for the green and blue
hydrogen system (b).

The different specific investment cost for hydrogen storage does affect both electrolyzer and wind
farm capacity, but the two technologies do not follow the same trend as seen in Figure 4.10a.
The electrolyzer has its largest capacity (370 MW 5) for the lowest specific investment cost and
a more stable segment for the other investment cost, steadily decreasing from 271 MW pgs to 261
MW g with rising storage costs. With no available hydrogen storage, the resulting electrolyzer
has a capacity of 228 MW g5. The wind farm capacity follows more of a parabolic trend, with a
large start (649 MW) and end capacity (697 MW) and a stable segment around 480 MW. For a
low specific cost of hydrogen storage, it is favorable to intercept large wind amplitudes with a large
wind farm, electrolyzer, and hydrogen storage. For no hydrogen storage, it is instead needed to
stay feasible and meet the hydrogen demand.

The resulting storage capacities vary for both hydrogen storage and battery depending on the
specific investment cost of hydrogen storage. This is illustrated in Figure 4.10b. Note that hydrogen
storage capacity is given on the left y-axis in the unit GWh and battery storage capacity is given on
the right y-axis in the unit MWh with a logarithmic scale. With a specific investment cost of 1,900
EUR/MWH for hydrogen storage, the resulting hydrogen storage capacity is 56.7 GWh, a threefold
capacity compared to the reference case. With a specific investment cost of 45,000 EUR/MWh for
hydrogen storage, the resulting hydrogen storage capacity is 13.1 GWh, 6.5 % smaller compared
to the reference case. With a specific investment cost of 11,000 EUR/MWh for hydrogen storage,
or higher, it is beneficial to invest in batteries. In the reference case, a battery storage capacity of
2.3 MWh is yielded. With a specific investment cost of 45,000 EUR/MWHh for hydrogen storage,
the battery storage capacity is 93 MWh. With no hydrogen storage, the resulting battery capacity
is 7,258 MWh.
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Figure 4.10: Resulting electrolyzer and wind farm capacity a). Resulting in energy storage
capacity for different specific investment costs of hydrogen storage. Hydrogen storage capacity
is given by the right y-axis measured in GWh and battery capacity is given by the right y-axis
measured in MWh in a logarithmic scale b)

The SMR produces half, or more, of the hydrogen demand for all cases except for the cheapest
specific investment cost of hydrogen storage of 1,900 EUR/MWh where the electrolyzer produces
55 % of the total hydrogen demand, shown in Figure 4.11. As earlier stated, this case has a
larger electrolyzer, wind farm (Figure 4.10a), and hydrogen storage (Figure 4.10b) compared to
the reference case, resulting in the lowest capacity factor (56.0 %) over the test range, shown
in Figure 4.11. With no available hydrogen storage, the highest capacity factor (83.2 %) of the
electrolyzer is obtained, see Figure 4.11. For the same case, the smallest electrolyzer capacity (228
MW o) is obtained.
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Figure 4.11: The annual hydrogen production from the hydrogen production technologies (SMR
and electrolyzer)(a), and capacity factors for each hydrogen production technology (b).

4.2.3 Transmission capacity and forecasted spot prices

In this section, the results for varying the available transmission capacity between the refinery and
the regional grid are presented. In the reference case, a transmission capacity of 15 MW and spot
prices from 2019 were used. In addition, forecasted electricity spot prices for the year 2050 have
been included in the analysis to analyze the impact of transmission capacity with a larger share of
VRE in the electricity mix. The forecasted electricity prices for 2050 are described in Section 3.5.3.
The overall impact of different transmission capacities regarding total system cost and LCOH is
small and those results are therefore excluded from this section. In Appendix C, total system cost
and LCOH with transmission capacities in the range of 0-60 MW are presented with spot prices
from 2019 and forecasted spot prices for 2050.

In Figure 4.12a, electrolyzer and wind farm capacities are shown for different transmission capaci-
ties. Similar trends for the electrolyzer capacity with 2019 and 2050 spot prices are observed. For
both cases, the electrolyzer capacity decreases as a larger transmission capacity between the grid
and refinery is available. The larger share of VRE in the 2050 case have therefore a marginal effect
on the electrolyzer capacity. However, the trends for wind farm capacity with spot prices from
2019 and 2050 differ. After 30 MW of transmission capacity, the resulting wind farm capacity
starts to diverge for the different spot price datasets. With a transmission capacity of 60 MW,
the wind farm capacity is 500 MW for 2019, compared to 461 MW for the year 2050. The energy
storage capacities are presented for different transmission capacities in Figure 4.12b. The hydrogen
storage capacity decreases from 17.5 GWh to 11.3 GWh when the transmission capacity is varied
between 0-60 MW with 2019 spot prices. A similar reduction in hydrogen storage capacity is seen
with spot prices for 2050, where the storage capacity decreases from 17.5 GWh to 12.5 GWh for
the same range of transmission capacity. The overall trend is that the model favors slightly larger
hydrogen storage with 2050 spot prices for larger transmission capacities. The battery storage
capacity with spot prices for 2050 increases approximately linearly (0-4.8 MWh) with increasing
transmission capacity (0-60 MW).
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Figure 4.12: Electrolyzer and wind farm capacity for varying transmission capacities (a). Energy
storage capacities with different available transmission capacities (b). Hydrogen storage capacity
is given in GWh and battery storage capacity in MWh.

One question that arises from the presented trends is - why do the capacities in the electrolyzer,
wind farm, and hydrogen storage stagnate for a transmission capacity larger than 30 MW for the
2050 spot price data meanwhile batteries increase? The answer will also explain why a larger wind
farm is cost-beneficial for 2019 spot price data. The main contributing factor is the larger share of
wind power in the electricity mix in 2050, compared to 2019 (Figure 3.2). In Figure 4.13, the spot
price and wind profile correlation is presented. The figure shows the sorted weekly averaged wind
profile in ascending order, and weekly averaged spot prices with the same indexation as the sorted
wind profile. The figure shows that generally during high wind output (to the right in Figure 4.13)
when there is a potential to export excess offshore wind electricity, the spot prices for 2050 are
lower compared to 2019, and during low wind output (to the left in Figure 4.13) the spot prices
are higher than during 2019. This means that it is more profitable to import and export electricity
with spot prices from 2019 compared to 2050, and the benefit from a larger wind farm capacity
then ceases, and the electrolyzer, and hydrogen storage follows the same trend as a consequence.
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Figure 4.13: Wind profile and spot price correlation for spot prices from 2019 and forecasted
spot prices for 2050. The wind profile is sorted and plotted by weekly average, and the spot prices
are plotted with the same indexation as the sorted wind profile. The forecasted spot prices for
2050 are generated using input data from 2019. Note that the spot price peaks for 2050 are not
seen in the figure (week 12 and weeks 31-32).

The results are reinforced by the trends seen in electricity import, export, and curtailment pre-
sented for different transmission capacities in the range of 0-60 MW in Figure 4.14a. The observed
trend is that the model favors export rather than import with increasing transmission capacities,
both with spot prices from 2019 and forecasted spot prices for 2050. The main observed differ-
ence between 2019 and 2050 spot prices is that the export is larger in the range of 30-60 MW of
transmission capacity for the 2019 case, where the export increases from 44 GWh to 106 GWh.
In the same range of transmission capacity, the export increases from 44 GWh to 67 GWh with
forecasted spot prices for 2050. Curtailment decreases with increasing transmission capacity for
both 2019 and 2050, and in the range of 30-60 MW of transmission capacity, the curtailment is 0
GWh. The trends for import and export are in line with the trend shown in Figure 4.13, where it
is more profitable to import and export electricity with spot prices from 2019 compared to 2050.
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Figure 4.14: Electricity import, export, and curtailment for transmission capacities in the range
0-60 MW, with spot prices from 2019 and 2050 forecasted spot prices (a). Capacity factors for
SMR and electrolyzer with transmission capacities in the range of 0-60 MW, with spot prices from
2019 and 2050 forecasted spot prices (b). Note that the y-axis does not start at 0.

The spot prices for 2050 are influenced by solar variations through imports from Europe (Figure
3.2), which explains why the model favors larger battery capacity with increasing transmission ca-
pacity. As stated in Section 2.1.1, batteries are proven to be suited for diurnal variations, such as
solar variations. The trend for the battery capacity with spot prices from 2019 is different compared
to 2050 (Figure 4.12). The battery capacity increases in the range of 0-30 MW of transmission
capacity, where a maximum battery capacity is obtained of 3.95 MWh (30 MW transmission ca-
pacity) and decreases in the range of 30-60 MW of transmission capacity. The reduction in battery
capacity in the range of 30-60 MW of transmission capacity corresponds with the increase in
wind farm capacity in the same range of transmission capacity. Under these circumstances larger
wind variations introduced by larger wind farm capacity results in less battery capacity. As stated
in Section 2.1.1, batteries are proven to not be economically suited to manage large wind variations.

Capacity factors for the energy storages are presented for different transmission capacities in Figure
4.14b. The capacity factor for the SMR, decreases from 75.8% to 74.6 % with 2019 spot prices in
the range of 0-60 MW of transmission capacity. For the same range of transmission capacity, the
SMR capacity factor increases from 76.9% to 78.0% with forecasted spot prices for 2050. Larger
wind farm capacity (Figure 4.12a) for the year 2019 results in a lower capacity factor for the
SMR, compared to 2050. Similar reasoning applies to the SMR capacity for the year 2050, where
smaller wind farm capacity yields larger hydrogen production from the electrolyzer compared to
2019, which yields a lower capacity factor of the SMR for 2050 in relation to the year 2019. The
electrolyzer capacity factor increases linearly from 55.9% to 60.6% in the range of 0-60 MW of
transmission capacity with 2019 spot prices. The increase in capacity factor relates to the increase
in wind farm capacity seen in Figure 4.12a. With spot prices for 2050, the resulting electrolyzer
capacity is rather constant for different transmission capacities, where a small increase from 55.9%
to 56.0 % is seen in the range 0-30 MW of transmission capacity and a small decrease from 56.0%
to 55.9% in the range 30-60 MW.
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4.2.4 Operational cost of the SMR

For all operational costs of the SMR in the range of 55-165 EUR/MWH), it is beneficial to invest in
CCS capacity to cover 90 % of the CO5 emissions emitted from the SMR. This means that the CCS
capacity does not limit the operation of the SMR. In Figure 4.15a, one can see the total system cost,
and in Figure 4.15b the LCOH for the green and blue systems are presented for different values of
C?or . With great uncertainties for each individual parameter for the variable cost, it is presented
only as a total in this sensitivity analysis. Both the total system cost and LCOHy;,. behave nearly
proportionally with the operational cost of the SMR C¢ . with no further investments in SMR
capacity allowed. The levelized cost for the green system follows a different trend. There are
two interesting observations for the levelized cost of hydrogen for the green system. The first
observation is that LCOHg,cer, is 19% higher with an operating cost of 55 EUR/MWh, compared
to the reference case’s LCOHg,cer,. The second interesting observation is that the levelized cost of
the green system increases by 9% when the operational cost is varied between 137-165 EUR/MWh.
To explain these observations, the resulting capacities for different technologies and the hydrogen
supply have to be presented.
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Figure 4.15: Total system cost relative to the reference case (110 EUR/MWhp2) for operational
costs in the range 55-165 EUR/MWhpgo (a). Levelized cost of hydrogen for operational costs in
the same range (b).

In Figure 4.16a, the resulting capacities of the electrolyzer and wind farm are presented. Both
technologies follow the same trend, with increasing capacity for increased operational costs of the
SMR C?% . With an operational cost of 55 EUR/MWhp, investments in electrolyzer and wind
farm are suppressed, resulting in 140 MW g5 and 260 MW, seen in Figure 4.16a. Both capacities
are approximately 45 % smaller compared to the reference case. In Figure 4.16b, the resulting
energy storage capacities are shown. Both a lower and higher C% = compared to the reference
value of 110 EUR/MWhpy, yields a larger hydrogen storage capacity. For the lowest operational
cost in the test range (55 EUR/MWh), the resulting hydrogen storage capacity is 24.0 GWh, which
is 71.0 % larger compared to the reference case. For the highest operational cost in the test range
(165 EUR/MWHh), the resulting hydrogen storage capacity is 48.7 GWh, which is 3.5 times the

reference capacity.
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Figure 4.16: Capacities for (a) electrolyzer and wind farm and (b) energy storages.

The relatively large hydrogen storage capacity for the case with an operational cost of 55
EUR/MWh is a contributing factor for the high levelized cost of hydrogen for the green system,
compared to the reference case. Due to the low operational cost of the SMR, it is operated at full
capacity, which can be seen in Figure 4.17a. With no further investment in SMR capacity allowed,
means that the electrolyzer and hydrogen storage supply the remaining parts of the hydrogen
demand. Between hours 4,500-5,300 the dimensioning time period for the hydrogen storage occurs
(Figure 4.17b), where the storage is fully discharged. Due to the system configuration, with
a relatively small electrolyzer and wind farm capacity, an over-investment in hydrogen storage
capacity is needed to meet the demand during the dimensioning time period. When the SMR is
operated at full capacity over the year, in combination with an over-investment in hydrogen storage
capacity, the storage is poorly utilized. This causes a higher levelized cost for the green system
compared to the reference case.
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Figure 4.17: Hydrogen supply (a) and state of charge (b) for 2,000 hours when the dimensioning
time period occurs. OPEX set to 55 EUR/MWhps.

The second interesting observation regarding the levelized cost of the green system is that the
green hydrogen system composition changes significantly when C2? . is changed from 137 to 165
EUR/MWhps. In Figure 4.18a-c, the hydrogen supply is presented for operational costs in the
range of 110-165 EUR/MWh for arbitrary 1,500 hours. The operational pattern for the SMR
for the cases where the operational cost is 110 EUR/MWh and 137 EUR/MWh is similar. The
SMR is operated on a high load when the hydrogen storage is discharged, which corresponds
to periods with low wind output from the wind farm. The SMR is therefore managing wind
variations. However, in Figure 4.18c, it is no longer cost-beneficial to manage wind variations with
the SMR. The operational cost of the SMR is high enough to yield a larger capacity of the wind
farm, electrolyzer, and storage capacity (Figure 4.16a-b). These investments result in a 9 % higher
levelized cost for the green system with an operational cost of 165 EUR/MWh, compared to the
reference case (110 EUR/MWh).
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Hydrogen supply with different operational costs of the SMR
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Figure 4.18: Hydrogen supply with different operational costs for the SMR. In (a) and (b), the
operational cost is set to 110 EUR/MWh and 137 EUR/MWHh, respectively. The load of the SMR
increases when the storage is discharged. With an operating cost of 165 EUR/MWh, seen in (c),
the SMR is mainly operated on minimum load and does not increase in load during hydrogen
storage discharge.

Figure 4.19 shows that the increased operational cost of the SMR yields more curtailment. With
the increasing operational cost of the SMR, the wind farm capacity increases as well (Figure 4.16a).
This results in an increase of curtailment from 2.9 GWh to 73.6 GWh over the test range 110-165
EUR/MWhpgs. An increasing wind farm capacity suppresses the need for the import of electricity
and the limited transmission capacity limits the export when curtailment occurs.
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Figure 4.19: Export and import are suppressed with increased OPEX of the SMR, meanwhile
curtailment increases.

With increasing OPEX for the SMR, its capacity factor declines, from 99.7 % to 57.0 % over the
test range, see Figure 4.20a. The electrolyzer is subjected to the wind profile and transmission

capacity and has an average capacity factor of approximately 57 % over the test range, see Figure
4.20b.
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Figure 4.20: Hydrogen production (a) and capacity factors (b) for the SMR and electrolyzer
with operational costs of the SMR in the range 55-165 EUR/MWHh.

4.2.5 Wind profiles

The sensitivity analysis of the GIS wind profiles is carried out in two steps. Firstly, the different
GIS profiles are investigated isolated from each other, to see how each profile affects the system.
Secondly, a consecutive model run is conducted, to see if the system is sensitive to annual weather
variations.

Isolated model runs

The results of the optimization model do overall show small changes in hydrogen storage, elec-
trolyzer, and wind farm capacity for different GIS wind profiles when run isolated from each other,
shown in Table 4.2. GIS wind profile 2018 has the lowest capacity factor of 49.1 %, Equation (3.32),
the smallest battery capacity of the five investigated wind profiles, the largest capacities in hydro-
gen storage, electrolyzer, and wind farm, and the highest total system cost (377 MEUR/yr). GIS
wind profile 2015 has the highest capacity factor (58.0 %), the largest battery capacity, the small-
est resulting wind farm capacity and total system cost (370 MEUR/yr), and the second smallest
hydrogen storage capacity.

Table 4.2: Capacity factor and resulting hydrogen storage, electrolyzer, and wind farm capacity.
GIS 2019 is the reference case.

Profile Capacity factor, Total system cost, Hydrogen storage, Battery, Electrolyzer, Wind farm,
%] [MEUR/yr] [GWh] [MWHh] (MW] MW]
GIS 2015 58.0 370 13.81 15.5 263 455
GIS 2016 51.4 374 13.89 4.9 263 466
GIS 2017 55.1 371 13.71 12.9 263 463
GIS 2018 49.1 377 16.26 0.33 269 484
GIS 2019 51.4 374 14.00 2.31 263 469

Figure 4.21 and 4.22 shows the GIS wind profiles of the years 2015 and 2018 and their respective
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monthly and yearly wind profile average. For both profiles, the monthly average is consecutively
under the yearly average for their dimensioning time period. For GIS wind profile 2015, the
dimensioning time period can be found between the latter part of May and the beginning of
November, where the monthly average is consecutively under the yearly average. For GIS wind
profile 2018, it is found between the latter part of April and the latter of September.
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Figure 4.21: Normalized wind profile and monthly, and yearly wind profile average for 2015.
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Wind profile and hydrogen storage state of charge (Year 2018)
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Figure 4.22: Normalized wind profile and monthly, and yearly wind profile average for 2018.

Consecutive model run

The consecutive model run is conducted over the years 2015-2019 by associating GIS wind profile
and electricity spot price. Table 4.3 shows the resulting annual total system cost, capacities of
energy storage, electrolyzer, and wind farm capacities. The consecutive model run results in an
annual total system cost of 379 million euros, being 1.3 % more expensive compared to the reference
case. The capacities obtained for hydrogen storage, electrolyzer, and wind farm are approximately
the same as in the model run with GIS 2018 wind profile. Investing in batteries was beneficial for all
GIS wind profiles (Table 4.2), but the consecutive model run results in zero battery capacity. In the
consecutive model run the electrolyzer and hydrogen storage are dimensioned by the "dimensioning
time period" for the year with the lowest wind profile capacity factor (2018). In relation to the
remaining years in the consecutive model run, the electrolyzer and hydrogen storage are over-
dimensioned, which might explain why the battery is not included in the cost-optimal technology
composition for the consecutive model run.

Table 4.3: Resulting energy storage, electrolyzer, and wind farm capacities.

Case Total system cost, Hydrogen storage, Battery, Electrolyzer capacity, Wind farm capacity,
[MEUR/yr] [GWh] [MWHh] [MW 9] [MW]

Consecutive model run 379 16.26 0 269 475

GIS 2018 377 16.26 0.33 269 484

Reference case 374 14.00 2.31 263 469

Table 4.4 shows the annual import, export, and curtailment in the system. In 2018, 28.0 GWh of
electricity was imported from the grid, and in 2015, 26.7 GWh was exported to the grid.
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Table 4.4: Import, export, and curtailment during each year in the consecutive model run.

Import, Export, Curtailment,
Profile | 'own  [awn  [@wh
GIS 2015 | 0.046 26.7 0.69
GIS 2016 0 17.9 0.38
GIS 2017 | 0.015 23.2 0.55
GIS 2018 28.0 18.8 0.77
GIS 2019 2.90 18.5 3.44

In Figure 4.23 the SOC of the hydrogen storage is shown. In total, the storage is cycled five times
(time between fully charged, discharged, and charged again), one time each year.
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Figure 4.23: Five cycles, one for each year, are measured over the simulated period.
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Discussion

In this thesis, the interaction between a green and a blue hydrogen system for a net zero refinery
has been studied. The refinery hydrogen system has been studied standalone, which means that
other processes at the refinery have not been included in the analysis. All carbon emissions related
to the operation of the SMR are therefore accounted for through the EU ETS. In reality, fossil
carbon dioxide emissions from the SMR can be compensated by negative emissions from other
processes at the refinery (BECCS), or by employing CCS in combination with biogenic off-gases
(BECCS).

The results in this thesis should not be seen as investment and portfolio research, but rather as an
analysis of how the different technologies interact with each other under certain circumstances, and
an approximation of the required dimensions of the green hydrogen system to meet the refinery
hydrogen demand with fixed capacity of the SMR. In the sensitivity analysis, one model parameter
was varied at a time. The effects of changing multiple parameters simultaneously are not consid-
ered in this thesis, but such scenario-based analysis could potentially yield further information on
the interaction between the blue and green hydrogen systems.

The developed linear cost-optimization model used in this thesis is time-efficient to run and yields
both cost-optimal technology capacities and dispatch patterns of technologies for the given circum-
stances. Even with a model run for five consecutive years with an hourly resolution, the model is
solved within minutes in GAMS. Introducing binary variables has been avoided since it severely in-
creases the computational time and could potentially compromise the cost-optimality of the model.
Though to enable analyzing the impacts of revisions to the system or the impact of completely
shutting down certain technologies, one would have to extend the model to a mixed-integer pro-
gramming model.

The energy-only model uses an hourly resolution to intercept variability in wind, spot prices, and
the ramping constraints of the SMR. With the assumptions of a pay-as-produced PPA and available
grid connection, the electrolyzer manages to follow the wind profile to a large extent and obtains a
higher capacity factor than the wind profile itself meanwhile mitigating curtailment. The PPA can
yield energy security and be a strategy to account for more volatile spot prices in the future. As
the results show, the system is affected by wind-dominated spot prices of the year 2050, where the
benefit of electricity trading is less substantial compared to the year 2019. On the other hand, the
cannibalization effect diminishes the flexibility of transmission capacity when the electricity spot
price is wind-dominated. For the highest tested operational cost of the SMR (165 EUR/MWhps),
it is not cost-efficient to manage wind variations with the SMR. In the intermediate cost range
(82-137 EUR/MWhpg), with the prevailing assumptions, the SMR manages wind variations and
mitigates overcapacity in the green hydrogen system.

With all parameters known beforehand, the model has perfect foresight. The concept of perfect
foresight and wind variability is investigated with different wind profiles in a consecutive model
run, which yields approximately the same system composition and total system cost as the model
runs with isolated wind profiles. However, the simulations conducted with isolated wind profiles
show that investments in batteries would be the optimal system composition, but in the consecu-
tive model run investments in batteries are suppressed. A definite conclusion regarding the battery
capacity can not be drawn from the presented results in this study. However, in model runs where
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battery capacity is included in the cost-optimal technology composition, the battery is used for
mitigating curtailment and increasing the capacity factor of the electrolyzer. The results also show
that batteries become more competitive with more volatile spot prices (2050) in combination with
larger transmission capacity (60 MW).

Depending on the specific investment cost for hydrogen storage, the resulting capacity for elec-
trolyzer and wind farm is insensitive in the span of 3,650-45,000 EUR/MWh. The specific invest-
ment cost for LRC is uncertain and a high specific cost is used compared to what can be found in
the literature. With high specific investment costs (30,000-45,000 EUR/MWh) batteries become
more competitive than before compared to hydrogen storage. In the case where hydrogen storage
is disabled, a battery capacity of 7,258 MWh is obtained. This is an unreasonable size considering
the sizes currently being deployed in Sweden and its inability to store electricity over seasonal
periods. With batteries being subjected to a more detailed description of current leakage, the
hydrogen production system would become more expensive, or even unfeasible, to operate with a
pay-as-produce PPA without any hydrogen storage.

The majority of the expenses regarding the total system cost relate to the OPEX of the hydrogen
system. The operational cost of the SMR and the electricity bought via PPA account for 88.5% of
the total system cost for the reference case. The operational costs of the SMR (Equation (3.22))
consist of three parameters, where two are decided and varying with existing markets (EU ETS
and price of natural gas). In reality, the operational expenses for the SMR would be fluctuating
with the price of natural gas and EU ETS and not be static as modulated in the cost optimization
model. This would result in periods with relatively low and high operational expenses for the SMR
over the year. With low OPEX for the SMR, the green hydrogen system becomes poorly utilized,
and with high OPEX, the minimum load of the SMR becomes the binding model constraint. The
minimum load stems from the need to combust and utilize excess off-gases from refining processes.
With the possibility to store excess off-gases, it could be possible to ramp down the SMR during
high-cost scenarios, but with no insight into the possibility from a refining perspective, this is left
to future research. With a pay-as-produce PPA one will be forced to utilize the received electricity,
no matter the operational cost of the SMR. On the other hand, with a baseload PPA, the scenario
would be similar. One would still be subjected to buy a certain amount of electricity on average
to fulfill the power purchase agreement.
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Conclusion

The interplay between a blue hydrogen system consisting of a steam methane reformer (SMR)
with employed carbon capture and storage (CCS), and a green hydrogen system consisting of an
electrolyzer, hydrogen storage, battery storage, and offshore wind farm with a pay-as-produced
power purchase agreement (PPA) is assessed for a net zero refinery using a techno-economic cost-
optimization model. The model shows that existing fossil-based hydrogen production can be partly
replaced by a new green hydrogen system, operated in parallel with a blue hydrogen system with
a 90 % capture rate CCS that meets a continuous hydrogen demand of 377 MW. The resulting
levelized cost of hydrogen is 111 EUR/MWh for the green hydrogen system and 115 EUR/MWh
for the blue system. The green system comprises a 263 MW g electrolyzer, 469 MW offshore wind
farm, 14 GWh hydrogen storage, and 2.3 MWh battery.

A number of flexibility measures have been identified in this thesis. The electrolyzer manages to
follow the wind profile, with excess hydrogen production the hydrogen storage is charged, and with
low wind power output the storage is discharged. To mitigate curtailment, the battery is charged
and later discharged to either supply electricity to the electrolyzer or export to the regional grid.
Transmission capacity mitigates overinvestment in the green hydrogen system. With electricity
spot price data, depending on a European electricity mix with a 64 % wind power share (2050),
the system suffers from the cannibalization effect with a transmission capacity of 30 MW or larger.
Wind variability over different years is tested and results show it has a small impact on the system
composition but with a consecutive model run over five years, the model is subjected to the year
with the lowest capacity factor.

Based on results from sensitivity analysis it is found that hydrogen storage is crucial for mitigating
total system cost with a pay-as-produced PPA. The cost-optimization model and its system com-
position are sensitive to the operational expenses of the SMR, which constitute of the cost of CCS
with a 90 % capture rate, the cost of carbon dioxide emissions being leaked, and natural gas. For
operational expenses of 82-137 EUR/MWhp, the SMR mitigates the effect of wind variations,
resulting in fewer over-investments in the green hydrogen system.
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A

Figures for technologies

Table A.1: Financial figures, technical lifetimes and efficiencies for respective technology used in
the reference case. Figures for the CCS are

CAPEX, Fixed O&M, 0&M,

Technology [EUR/MW] [EUR/MW/yr] [EUR/MWH] Efficiency Lifetime
Electrolyzer 50,000 24,000 0 0.65 30

SMR - - 110 0.80 -
Offshore wind® 2,115,000 90,000 1.1 - 25

LRC 11,000 - - - 50

LIB 135,000 0 0 0.90 15

CCS 1,900,000¢ - 1254 0.90 30

& The investment cost for alkaline electrolyzer is retrieved from IEA’s report on electrolyzers
2022 [51].

b Financial figures for offshore wind power is retrieved from Toktarova et al [25].

¢ Unit is EUR/tCOq/h.

4 Unit is EUR/tCOx.
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Values of necessary parameters

Table B.1: Figures for the model’s parameters used in the reference case.

Parameter Description Value Unit Reference/Comment
dy Hydrogen demand 376.9 [MW g0] Retrieved from Preem
romT Ramp rate 0.15 -] Retrieved from Preem
ceye Cycling cost 2.5 [EUR/MWh] -

[min Minimum load 0.50 [] Retrieved from Preem
s Capacity SMR 297 MW 4] Retrieved from Preem
af po Charge rate 0.0025  [-] Retrieved from [22]

ad peo Discharge rate 0.005  [-] Retrieved from [22]
transmission  Capacity to grid 15 [MW] Retrieved from Preem
GT Grid tariff 90 [EUR/MWHh] .

GP Gas price 57.4 [EUR/MWh] Five year average

ETS EU ETS 100 [EUR/tCO,)] .

PPA Power purchase agreement  56.1 [EUR/MWh] LCOE for offshore

w Compression work 0.0564 |[MWh/MWhpgs| For compression to 80 barg

11
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C. Sensitivity analysis: Transmission capacity and forecasted spot prices
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Figure C.1: Levelized cost of hydrogen for (a) 2019 and (b) 2050.
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Figure C.2: The relative change in total system cost for 2019 and 2050.
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